Introduction {#S1}
============

Pathogenic *Cryptococcus* species belonging to the *Cryptococcus neoformans* and *Cryptococcus gattii* species complexes can cause invasive disease in both healthy and immunocompromised people ([@B7]). Anti-cryptococcal therapy involves induction with amphotericin B (AMB) and 5-flucytosine (5-FC), followed by maintenance on fluconazole (FLC) ([@B27]). However, mortality remains high, AMB and 5-FC are toxic, and 5-FC is not registered in many countries where the burden of cryptococcosis is highest ([@B7]; [@B9]; [@B1]).

Although it is widely recognized that there is an urgent need for new antifungal therapies, development is hindered by high risk and cost combined with relatively limited revenue ([@B32]). An alternative approach that aims to get more life out of existing drugs is drug synergy, where an antifungal is combined with a second drug or agent. The AMB-5FC combination used for cryptococcosis is a model example of improved antifungal efficacy, however, synergistic combinations are not widely employed in medical mycology ([@B9]).

Previously, we tested a range of commonly used antifungal drugs with various iron chelating agents to determine whether iron limitation might enhance antifungal potency. Synergistic combinations were rare, however, the combination of AMB with lactoferrin (LF), a mammalian glycoprotein, produced a synergistic response in *Saccharomyces cerevisiae* and various *Cryptococcus* species, which had also been reported in *Candida* and *Aspergillus* ([@B38]; [@B41]). We further demonstrated that AMB-LF synergy was not due to iron starvation, as the addition of iron rescued the yeast cells from inhibition by LF but not from AMB-LF ([@B20]). To understand the mechanism of synergy, we performed comparative analyses of the transcriptomic responses to AMB and AMB-LF in *S. cerevisiae*. Paradoxically, we found that while AMB alone increased the expression of stress- and metal-related genes, the AMB-LF combination caused metal and stress-response transcripts to decrease. We hypothesized that AMB-LF synergy was mediated by dysregulation of metal homeostasis and disrupted stress responses, possibly via stress pathway interference ([@B26]).

To follow up this analysis in the context of a pathogenic yeast, we here report a companion transcriptomic analysis of AMB-LF synergy in *C. neoformans* strain H99. We show that, in contrast to *S. cerevisiae*, synergy is mediated by an enhanced stress response in *Cryptococcus* that includes disruption of endoplasmic reticulum-related processes. This study highlights the species-specific nature of responses to toxic agents by different fungal species, even when these appear to generate similar outcomes.

Materials and Methods {#S2}
=====================

Strains, Culture and Agents {#S2.SS1}
---------------------------

*Cryptococcus neoformans* strain H99 was cultured in yeast nitrogen broth (YNB) at 37°C with shaking at 180 rpm. Stock solutions of 1,600 μg/mL AMB (Sigma-Aldrich, United States) and 5,120 μg/mL LF (MP Biomedical, United States) were made in MilliQ water.

Time Kill-Curves and RNA Extraction {#S2.SS2}
-----------------------------------

Time-kill curves for AMB only, LF only and AMB-LF treatment were performed to determine ID~20~ (inhibition of cell growth by 20%) for RNA extraction and comparative transcriptomic analyses \[as performed in [@B26]\]. Synergistic fractional inhibitory concentrations (FIC) of AMB-LF for *C. neoformans* \[determined in [@B20]\] were used. ID~20~ was determined to be 1 h for AMB and 50 min for AMB-LF treatment. At these timepoints LF treatment did not affect growth ([Supplementary Figure S1](#FS1){ref-type="supplementary-material"}). RNA was extracted from the following cultures: (i) AMB treatment; (ii) growth control for (i); (iii) AMB-LF treatment; and (iv) growth control for (iii). Three independent biological replicates were performed for each treatment.

RNA was extracted from freeze dried cells using bead beating and the Qiagen RNeasy mini kit as detailed in [@B26]. RNA was sequenced at the Ramaciotti Centre for Genomics using an Illumina HiSeq 2000 to generate 100 bp paired-end reads.

Processing of RNA-Seq Data {#S2.SS3}
--------------------------

Data analysis was performed as in our previous study ([@B26]) but with updated software. Briefly, reads were mapped using the HISAT tool ([@B19]; version 2.1.0) to the *C. neoformans* var. *grubii* H99 reference genome (RefSeq accession: GCF_000149245.1). Reads counting was performed with the featureCount function of Subreads ([@B22]; [@B29]; version 3.5.3) with the edgeR library ([@B29]; version 3.24.3) and significant differentially expressed genes were defined as those with [@B5] adjusted *p*-value \< 0.05. RUVSeq ([@B30]; version 1.16.1) was used to remove unwanted variation. After testing with zero to six unwanted factors with RUVSeq, the number of unwanted factors that maximized the number of significantly differentially expressed genes in total for each fungal species was used.

Protein Orthologs and Gene Ontology Annotation {#S2.SS4}
----------------------------------------------

One-to-one protein orthologs from *S. cerevisiae* and *C. neoformans* were defined as reciprocal best hits from BLASTp searches (*E*-value \< 1 × 10^--6^). The log fold-change of the unique ortholog pairs was graphed, a linear trend line was fitted, and Pearson's correlation scores were calculated. Gene Ontology (GO) annotations were obtained from Uniprot ([@B36]; release 2019_02), FungiDB ([@B4]) and QuickGO ([@B6]; downloaded 10th April 2019). Additional GO annotations were obtained using Blast2GO ([@B17]; version 5.25) and the Diamond sequence similar search tool ([@B8]; version 0.9.24) was used to compare the *C. neoformans* proteome against the Uniprot/Swiss-Prot database ([@B36]; release 2019_02). Further annotations were obtained by transferring GO terms from orthologs of other fungal species using OrthoMCL ([@B15]).

Identifying Significantly Differentially Expressed Genes Unique to AMB or AMB-LF Treatments {#S2.SS5}
-------------------------------------------------------------------------------------------

Sets analysis was used to identify two mutually exclusive subsets of genes with significant differential expression unique to either AMB treatment or AMB-LF treatment. Each of these was then sub-divided to include genes with positive or negative log fold-change compared to the untreated control. The number of genes in each subset was represented as an UpSet plot ([@B21]). Each of the four subsets of genes was independently analyzed for enriched GO biological process terms using the methods described below.

Gene Ontology Enrichment Analysis and Self-Organizing Maps {#S2.SS6}
----------------------------------------------------------

The "GOstats" R package and Fisher's exact test ([@B12]; version 2.48.0) were used for all GO enrichment analyses. Enriched GO terms were defined as those with Benjamini--Hochberg adjusted *p*-values \< 0.05. For the global GO enrichment analysis, genes with increased or decreased expression were independently analyzed for enriched GO terms. Self-organizing map (SOM) analysis was used to identify clusters of significantly differentially expressed genes (adjusted *p*-values \< 0.05) with similar expression profiles across the different treatments. The read counts in log counts per million were scaled to a mean of 0 and standard deviation of 1 across all samples per gene. Five-by-five SOM clusters were calculated using the R "kohonen" library ([@B39]; version 3.0.8). Co-expressed genes from each SOM cluster were analyzed for enriched GO terms. To perform exploratory data analyses on the co-expression relationships and annotations of significantly differentially expressed genes (adjusted *p*-values \< 0.05) in each SOM cluster, GO terms with moderate confidence of unadjusted *p*-values \< 0.01 in each SOM cluster were analyzed in addition to the those that passed the stringent threshold of adjusted *p*-values \< 0.05.

Codes and Data Availability {#S2.SS7}
---------------------------

*Cryptococcus neoformans* H99 RNA-Seq data generated from this study have been deposited in the NCBI Gene Expression Omnibus (GEO) ([@B11]) and are accessible through GEO Series accession number [GSE130375](GSE130375). *S. cerevisiae* S288C RNA-Seq data were previously described in [@B26] and are accessible through GEO Series accession number [GSE80357](GSE80357). The scripts for all the above analyses are available from Github: <https://github.com/IgnatiusPang/Fungal_Drug_Synergy> under the GNU Lesser General Public License v3.0.

Results {#S3}
=======

Differential Expression of *C. neoformans* Genes in Response to AMB and AMB-LF Treatment {#S3.SS1}
----------------------------------------------------------------------------------------

We chose ID~20~ as the point to undertake transcriptome analysis, where cells should be responding to the primary effects of drug-related stress ([@B37]). *C. neoformans* cultures were treated with AMB and AMB-LF and harvested at their ID~20~, (60 min for AMB and 50 min for AMB-LF) along with their matched controls ([Supplementary Figure S1](#FS1){ref-type="supplementary-material"}). Initial QC analysis found one biological replicate of AMB-LF treatment was an outlier and it was excluded from subsequent analyses. In final analysis, the transcriptome of *Cryptococcus* following AMB treatment had 1625 up-regulated and 1957 down-regulated genes, relative to its matched control. Following AMB-LF treatment, 1599 genes were up-regulated while 1860 genes were down-regulated, compared to the matched control ([Supplementary Table S1](#TS1){ref-type="supplementary-material"}).

AMB-LF Synergy Induces a Different Response in *C. neoformans* H99 and *S. cerevisiae* S288C {#S3.SS2}
--------------------------------------------------------------------------------------------

We previously performed a transcriptomic study of the response of *S. cerevisiae* to drug synergy induced by the addition of LF to AMB ([@B26]) ([Supplementary Table S2](#TS1){ref-type="supplementary-material"}). To compare this with the response by *C. neoformans*, genes that were differentially expressed following AMB and AMB-LF treatment ([Supplementary Table S3](#TS1){ref-type="supplementary-material"}) were analyzed for functional enrichment by GO ([@B26]) ([Supplementary Tables S4](#TS1){ref-type="supplementary-material"}, [S5](#TS1){ref-type="supplementary-material"}). In *C. neoformans*, the responses were similar across both treatments, with GO terms related to energy production, response to oxidative stress, carbohydrate metabolism, nucleic acid metabolism, protein processing and metal ion transport induced, and terms related to microtubule organization and lipid biosynthesis repressed. This contrasted with the situation in *S. cerevisiae*, where synergy between AMB and LF resulted in stress and metal homeostasis responses that were quite different to the effect of AMB treatment alone ([@B26]).

Comparison of the response to AMB treatment found the majority of enriched biological processes that were common to both species had the same direction of regulation ([Figure 1A](#F1){ref-type="fig"}). Enrichments related to energy generation, metal regulation and stress responses, amino acid biosynthesis and protein catabolism were all induced, while lipid metabolism was repressed. Functional enrichments that were absent from *C. neoformans* but were present in *S. cerevisiae* in response to AMB included the induction of autophagy, actin polymerization, iron homeostasis and copper transport, cell wall integrity MAPK cascade and trehalose metabolism in response to stress. Down-regulated enrichments that were observed only in *S. cerevisiae* included ergosterol biosynthesis, nucleobase metabolism, protein translation and folding-related processes.

![Transcriptomic and functional enrichment analyses highlight differences in the biological processes affected by AMB-LF synergy in *Cryptococcus neoformans* and *Saccharomyces cerevisiae*. **(A)** Enriched biological process GO terms based on differentially expressed genes in *C. neoformans* and *S. cerevisiae* in response to AMB and AMB-LF treatments. A subset of the enriched GO terms are listed on the *y*-axis, and similar GO terms are placed into groups including cell organization and replication-related, energy-related, lipid-related, metal-related, nucleic acid- and amino acid-related, protein related, and stress-related. The AMB and AMB-LF treatments in *C. neoformans* and *S. cerevisiae* are shown on the *x*-axis. Overall increased or decreased expression of each GO terms is indicated by a red triangle or green inverted triangle, respectively, with the size of the triangle scaled to represent the negative log adjusted *p*-value that shows the significance of the genes contributing to an enrichment relative to the total population of genes. Intensity of colors within the triangles indicate the magnitude of the odds ratio score, which represents the significance of the number of genes contributing to an enriched GO term. The two fungi responded to drug treatment quite differently, and in particular the synergy related to AMB-LF treatment induced opposite gene expressions for a number of processes, particularly protein folding and response to oxidative stress. **(B)** Comparison of the change in expression of genes mapped to protein sequence orthologs in *S. cerevisiae* and *C. neoformans*. Orthologs were defined as pairs of proteins with best hits from the reciprocal BLASTp searches of proteins from one organism to the proteome sequences of the other. The *y*-axis shows the log fold-change of *S. cerevisiae* ortholog transcripts, and the *x*-axis indicates the log fold-change of *C. neoformans* ortholog transcripts. Colored points indicate genes corresponding to protein orthologs that are significantly differentially expressed in both organisms (orange), *C. neoformans* only (green), *S. cerevisiae* only (blue), or not significant in either organism (purple). Linear trend is shown by a blue line. A significant positive correlation is seen for the AMB treatment (left) (ρ = 0.38, *p*-value \< 0.05) while a negative correlation is seen for the AMB-LF treatment (ρ = --0.13, *p*-value \< 0.05), suggesting synergy is mediated by different mechanisms in the two organisms.](fmicb-10-02195-g001){#F1}

In contrast to AMB, the transcriptional response to AMB-LF was drastically different in *C. neoformans* and *S. cerevisiae*. Functional enrichments related to energy generation processes, protein processing, response to stress and pyridine nucleotide metabolism were up-regulated in *C. neoformans* but down-regulated in *S. cerevisiae*, while amino acid metabolism was down-regulated in *C. neoformans* but up-regulated in *S. cerevisiae* ([Figure 1A](#F1){ref-type="fig"}). Biological processes that were enriched in *C. neoformans* only included the up-regulation of apoptosis, transition metal transport, protein catabolism in the vacuole, stress granule assembly and hydrogen peroxide metabolism related to stress responses, and the down-regulation of microtubule organization. Enrichments that were absent in *C. neoformans* and specific to *S. cerevisiae* in response to AMB-LF were the induction of iron-sulfur cluster assembly, nucleobase metabolism and translation-related processes, and the repression of ER-associated processes including protein folding and ubiquitination, protein membrane localization, response to misfolded proteins and ER stress.

To verify that responses to AMB treatment were similar while responses to AMB-LF treatment differed between *C. neoformans* and *S. cerevisiae*, the log fold-change of genes expressed in *C. neoformans* and *S. cerevisiae* were plotted against one another and the correlation between genes that were orthologous between the two species were analyzed. The log fold-changes of orthologous genes following AMB treatment plotted in a positively correlated manner (ρ = 0.38, *p* \< 0.05) suggesting similar responses ([Figure 1B](#F1){ref-type="fig"}, left panel),while those in response to AMB-LF treatment were negatively correlated (ρ = −0.13, *p*-value \< 0.05), demonstrating an overall opposing response by the two species to synergistic treatment ([Figure 1B](#F1){ref-type="fig"}, right panel).

Comparison of Gene Ontology Enrichments in *C. neoformans* Transcriptome Data Produced Following AMB and AMB-LF Treatment {#S3.SS3}
-------------------------------------------------------------------------------------------------------------------------

While there were many similarities in the regulation of functional enrichments observed between AMB and AMB-LF treatments in *C. neoformans*, there were some GO enrichments that were unique to AMB-LF synergy ([Figure 1A](#F1){ref-type="fig"}). These included down-regulation of ergosterol biosynthesis and aromatic amino acid family biosynthetic processes, and up-regulation of protein folding, stress granule disassembly and apoptotic processes. Cellular amino acid biosynthetic processes were up-regulated in response to AMB but down-regulated by AMB-LF. The functional enrichment that was seen only in AMB treatment was stress response to metal ion, and this was induced and involved genes encoding ABC transporters, a bile acid transporter, a zinc transporter and sulfide reductase ([Supplementary Table S4](#TS1){ref-type="supplementary-material"}).

To further tease out differences between AMB and AMB-LF, genes that were differentially expressed and present only in the response to AMB or to AMB-LF were separately analyzed for GO enrichments and are presented visually in an UpSets plot ([Figure 2](#F2){ref-type="fig"} and [Supplementary Tables S3](#TS1){ref-type="supplementary-material"}, [S4](#TS1){ref-type="supplementary-material"}). The sets analysis found a majority of differentially expressed genes to be shared between the AMB and AMB-LF treatment and identified transcripts that were unique to each ([Figure 2A](#F2){ref-type="fig"}). Each group containing unique transcripts was analyzed to identify enriched biological process GO terms and their level of enrichment ([Figure 2B](#F2){ref-type="fig"}). Functionally enriched GO terms that encompassed AMB-LF-specific genes mainly involved down-regulated processes related to protein synthesis (ribosome biogenesis and translation), amino acid biosynthesis (nitrogen compound and S-adenosyl methionine metabolism), and nucleic acid metabolism (RNA transport and response to DNA damage and repair). Up-regulated enrichments were mainly involved in actin polymerization and organization, membrane fusion (endocytosis, SNARE complex assembly, vesicle, and vacuolar fusion) and vesicle mediated transport, as well as ER and protein related processes (protein folding and proteolysis) and cell wall biosynthesis (glucan and melanin synthesis). Genes that were differentially regulated only in response to AMB had enrichments related to the down-regulation of RNA processing, protein folding and ER-to-Golgi transport ([Figure 2](#F2){ref-type="fig"}). There were no biological enrichments identified among the AMB treatment up-regulated genes ([Supplementary Table S4](#TS1){ref-type="supplementary-material"}).

![Upset plot analysis of genes differentially expressed in *C. neoformans* that are unique to AMB or AMB-LF treatment, and enriched biological process GO terms. **(A)** Sets analysis was used to analyze common and unique differentially expressed genes following AMB or AMB-LF treatments. The number of genes in each parameter (expressed in AMB/AMB-LF; up-/down-regulated, and their overlap) are represented as an UpSet plot ([@B21]). The horizontal bar graph on the left shows the number of genes with increased (red) or decreased (green) expression following AMB or AMB-LF treatments. The vertical bar graph shows the number of significantly differentially expressed genes (adjusted *p*-value \< 0.05) from overlapping and non-overlapping parameters. Beneath the vertical bar graph is the combination matrix, where connected dots represent the overlap of parameters. The number of genes with significant changes in expression in both AMB and AMB-LF treatment are represented by black vertical bars. Differentially expressed genes unique to AMB treatment are represented by blue (up-regulated) and purple (down-regulated) bars, respectively, while unique AMB-LF genes are represented by orange (up-regulated) and brown (down-regulated) bars, respectively. **(B)** The four subsets of genes were independently analyzed to identify enriched biological process GO terms, with a representative listed on the *y*-axis. The *x*-axis indicates the level of enrichment, given as the negative log of the adjusted *p*-value. Genes with increased expression in AMB-LF treatment only (orange) highlight processes relating to the ER, Golgi and vacuole, including protein-folding, proteolysis, endocytosis, actin cytoskeleton organization, vacuole fusion, and cellular ion homeostasis. Decreased expression unique to AMB-LF treatment (brown) includes protein translation and DNA repair processes, indicating a slowing of DNA replication and translation. AMB treatment (purple) resulted in decreased expression of genes involved in transcription, translation and ER-to-Golgi transport. No biological enrichments were found for up-regulated genes unique to AMB treatment. The results suggest repression of ER-to-Golgi transport in response to AMB treatment, with an induction in ER and Golgi activity upon AMB-LF treatment.](fmicb-10-02195-g002){#F2}

SOMs Analysis Indicates AMB-LF Disrupts Iron Transmembrane Transport in *C. neoformans* {#S3.SS4}
---------------------------------------------------------------------------------------

To investigate whether differentially expressed genes were co-expressed, we grouped transcripts with similar expression patterns using SOMs and analyzed these for the enrichment of biological process GO terms ([Figure 3](#F3){ref-type="fig"} and [Supplementary Tables S6](#TS1){ref-type="supplementary-material"}, [S7](#TS1){ref-type="supplementary-material"}). From this, we focused on clusters that included responses related to metal homeostasis, stress and ER-associated functions ([Figure 3B](#F3){ref-type="fig"}), which we had found to differ between AMB and AMB-LF treatment ([Figures 1](#F1){ref-type="fig"}, [2](#F2){ref-type="fig"}).

![Self-organizing map (SOM) analysis of transcripts related to metal ions, stress and the endoplasmic reticulum. Independent SOMs are used to group co-expressed genes that were differentially expressed in *C. neoformans* in response to **(A)** AMB and **(B)** AMB-LF treatment. For each SOMs cluster, the *y*-axis denotes the standardized gene expression levels and the *x*-axis shows the 11 experimental samples: biological replicates of the control for AMB treatment (CA1-3), AMB treatment (A1-3), control for AMB-LF treatment (CAL1-3), and AMB-LF treatment (AL1-2). Each differentially expressed gene is represented by a line within each cluster, with clusters grouping genes with similar expression profiles that may be co-expressed and therefore potentially co-regulated. Clusters are organized and numbered from top left to bottom right. Empty clusters have no transcripts. **(C)** Enriched GO terms for AMB (left) and AMB-LF (right) treatment that are related to metal ions, stress and ER, and their associated SOMs clusters. Under AMB-LF synergy, stress responses occur across multiple clusters indicating a generalized cellular stress response, and these are linked with ER-Golgi-vacuole trafficking and proteolysis, suggesting a disruption of protein and lipid synthesis, sorting and trafficking. Further details of the GO terms and genes associated with clusters are given in [Supplementary Tables S6](#TS1){ref-type="supplementary-material"}, [S7](#TS1){ref-type="supplementary-material"}.](fmicb-10-02195-g003){#F3}

Self-organizing maps analysis indicated a general up-regulation of genes in enrichments related to metal homeostasis for both AMB and AMB-LF treatments. Enrichments related to copper and metal ion transport were seen for both treatments, with the genes making up the enrichments encoding iron, zinc and copper transporters ([Figure 3B](#F3){ref-type="fig"}). There was down-regulation of genes related to iron ion transmembrane transport in AMB-LF that was not seen with AMB alone. These genes were co-expressed with protein and ergosterol synthesis in cluster 10 of the AMB-LF SOM ([Figure 3B](#F3){ref-type="fig"}), suggesting a disruption in the synthesis of iron transport proteins.

AMB-LF Synergy Increases Global Cellular Stress in *C. neoformans* and This Is Associated With Golgi and ER-Related Processes {#S3.SS5}
-----------------------------------------------------------------------------------------------------------------------------

For both AMB and AMB-LF treatment, analysis of co-expressed enrichments found stress-related responses to be induced and enriched across multiple different SOMs clusters. For example, in the AMB response terms related to free radical detoxification, oxidative and nitrosative stress and glutathione metabolism were enriched in clusters 10, 14, 15, 19, and 24, and similar terms were enriched in clusters 1, 7, 11, 16, and 17 in the AMB-LF response ([Figure 3B](#F3){ref-type="fig"}). This suggests that stress is generalized across the cell and is not associated with any particular biological process.

Similar to previous studies, our analysis indicated that AMB induces responses linked to oxidative and nitrosative stress in *C. neoformans* ([@B14]). ER-dependent peroxisome organization, where peroxisomes form in response to hydrogen peroxide production from fatty oxidation, was also induced in response to AMB (cluster 19) along with autophagy (cluster 20) and apoptotic processes (cluster 15).

Oxidative and nitrosative stress, glutathione metabolism and autophagy were likewise induced in response to AMB-LF (clusters 1, 7, 11, 16, 17, and 22), however, these and other stress responses were co-enriched with processes related to protein synthesis and transit through the ER ([Figure 3B](#F3){ref-type="fig"}). Induction of the enrichment related to stress granules (cluster 3), which are assemblies of untranslated messenger ribonucleoproteins ([@B28]), suggests stress may be resulting from disrupted protein translation. ER stress was further suggested in cluster 3 by induced enrichments related to topologically incorrect proteins and the ERAD (ER-associated protein degradation) response, which is activated by the accumulation of misfolded proteins ([@B34]). Across other SOMs clusters, enrichments related to Golgi-related protein processing and trafficking to the vacuole, such as Golgi vesicle docking (cluster 1), glycoprotein biosynthesis (cluster 7), endosome vacuole transport (cluster 16), and protein catabolism in the vacuole (cluster 11) were induced and associated with stress responses. The overall relation of stress responses across different clusters and biological processes indicates that AMB-LF treatment induces substantially more stress than AMB alone. Although enrichments related to the induction of apoptosis were not evident in the AMB-LF SOMs data, apoptosis was up-regulated in the functional enrichment profile for this treatment overall ([Figure 1](#F1){ref-type="fig"}), further supporting the notion that the addition of LF to AMB substantially enhances cellular stress.

Addition of LF to AMB Disrupts Biosynthetic, Folding, Sorting and Transport Processes Undertaken by the ER and Golgi and Induces Protein Trafficking {#S3.SS6}
----------------------------------------------------------------------------------------------------------------------------------------------------

ER- and Golgi-related processes were enriched across different SOMs clusters following both AMB and AMB-LF treatment ([Figure 3](#F3){ref-type="fig"}). For AMB treatment, these enrichments likely reflect a down-regulation in protein sorting and trafficking through the secretory pathway, and include localization of protein to the ER (cluster 11), ER processes such as glycerolipid biosynthesis, protein folding and signal peptide processing for translocation (cluster 11, 12, and 22), and vesicle mediated transport to the Golgi (cluster 16). This AMB-mediated repression of protein biosynthesis and sorting processes in *C. neoformans* is consistent with the transcriptome responses to AMB seen for *S. cerevisiae* and *C. albicans* ([@B42]; [@B3]; [@B23]). Other enrichments associated with proteasomal protein degradation and localization to the vacuole membrane were also down-regulated in clusters 11 and 12.

Up- and down-regulation of ER- and Golgi-related functional enrichments were observed in response to AMB-LF treatment ([Figure 3B](#F3){ref-type="fig"}). Similar to AMB treatment, ER- and Golgi-related processes were repressed, including synthesis of lipids, peptides, glycosylphosphatidylinositol (GPI) anchors and proteins involved in iron transport that require GPI modifications, which were all co-expressed in cluster 10. The exception was glycoprotein synthesis, which was induced in cluster 7. Unlike the response to AMB treatment, however, protein trafficking was induced and SOMs enrichments reflected three routes of transport from the ER and Golgi that were co-enriched with stress responses. ER-to-Golgi transport through the secretory pathway was suggested by enrichments involving localization of proteins to the ER and Golgi vesicle docking in clusters 1 and 3. The enrichment relating to endosome-to-vacuole transport in cluster 16 suggests Golgi-to-vacuole trafficking of proteins for storage or degradation. ER-to-cytosol transport-related enrichments were co-enriched in cluster 3 and reflect ERAD activation, which catalyzes the transport of misfolded proteins between the ER and the cytosol for proteolysis ([@B34]). The difference in regulation of ER and Golgi functions seen between AMB and AMB-LF treatments suggests that the addition of LF to AMB disrupts cellular protein and lipid synthesis, with misfolded proteins inducing sorting and trafficking.

Discussion {#S4}
==========

The current study follows our analysis of AMB-LF synergy in *S. cerevisiae*, which was undertaken to allow a detailed analysis of synergy using the extensive genetic and bioinformatic resources that are available for yeast. We chose ID~20~ for both studies, where growth had been inhibited by 20% compared to the untreated control, and hypothesized that synergy would be mediated by similar mechanisms that could be used to find novel drug targets that are conserved across fungal species ([@B26]). However, to our surprise we have found synergy to occur via two different and opposing mechanisms, with dysregulation of the metal ion response and down-regulation of stress in *Saccharomyces*, and up-regulation of cellular stress in *Cryptococcus*. For the former, we suggested that the independent assaults by AMB and LF resulted in stress pathway interference, preventing the *S. cerevisiae* cells from sensing and responding to toxic stress in an appropriate way ([@B26]). For *Cryptococcus*, we propose that the combined agents result in excessive oxidative and nitrosative damage and an up-regulation of autophagy that results from increased ERAD and ER-Golgi-vacuole trafficking and disrupted protein and lipid biosynthesis. A model of the responses of both species to AMB and AMB-LF that summarizes the data overall and the results shown in [Figures 1](#F1){ref-type="fig"}--[3](#F3){ref-type="fig"} is presented in [Figure 4](#F4){ref-type="fig"}.

![A model of AMB-LF synergy in *Cryptococcus neoformans* and *Saccharomyces cerevisiae*. Diagrams of the cellular response to AMB treatment and AMB-LF treatment in *C. neoformans* **(A,B)** and *S. cerevisiae* **(C,D)**. In all cases the transcriptome was analyzed at ID~20~ relative to the untreated control. While the response to AMB was similar overall in both species **(A,C)**, AMB-LF synergy was mediated by opposing processes. The up-regulation of stress-related processes in *C. neoformans* suggests cells are killed by overwhelming cellular stress **(B)**, while down-regulation of these processes and up-regulation of cell growth in *S. cerevisiae* suggests the addition of LF prevents the cell from mounting an appropriate stress response **(D)**.](fmicb-10-02195-g004){#F4}

Amphotericin B has a broad spectrum of activity against yeasts and molds. AMB binds membrane ergosterol, and it is widely accepted that antifungal activity is mediated by the disruption of cellular integrity ([@B25]). However, recent studies in yeast indicate that AMB can also enter cells and uses autophagy-dependent transport to the vacuole, which it then damages and disrupts ([@B40]). AMB also induces oxidative and nitrosative stress ([@B23]; [@B14]), and killing in *C. neoformans* involves induction of an oxidative burst ([@B31]). Our transcriptomic data for AMB alone are in good agreement with these studies, with induction of ROS and the overall stress response and an up-regulation of autophagy and vacuole-mediated protein catabolism seen in both *Cryptococcus* and *Saccharomyces*. In addition, AMB caused an up-regulation of genes related to metal ion transport and energy production and down-regulation of cell growth, protein and ribosome production and ergosterol biosynthesis in both species ([Figures 4A,C](#F4){ref-type="fig"}), which are strong indicators of cellular inhibition and response to membrane stress ([@B23]).

Like AMB, LF appears to bind to and disrupt cell membranes, which together with the ability to sequester iron is important in its antimicrobial activity. Unbiased 'omics approaches have not been used to study the fungal response to LF, and at the FIC levels used here LF does not affect the transcriptome ([@B26]). However, analysis of the apoptotic response of *Saccharomyces* to LF found inhibition requires *de novo* protein synthesis and energy, with LF causing mitochondrial dysfunction resulting in ROS accumulation ([@B2]). LF targeting of ER and Golgi processes has not been assessed in current literature. However, our finding of up-regulated terms related to ERAD and vesicle trafficking with autophagy, which were co-expressed and linked to the up-regulation of misfolded proteins and proteolysis and the accumulation of stress granules, together with the down-regulation of ergosterol, GPI anchor and iron transporter synthesis ([Figure 4B](#F4){ref-type="fig"}), suggest disrupted protein and lipid biosynthesis are likely to be an important component of LF-mediated synergy in *Cryptococcus*.

Also in common with AMB, LF is a natural product with multiple biological functions ([@B13]). In addition to being antimicrobial, LF has anti-tumor and anti-oxidant properties and it can both stimulate and repress the inflammatory response to infection ([@B10]), presumably by differential binding to receptors on target cell surfaces and subsequent uptake ([@B35]). There is emerging evidence that following binding, LF can enter microbial cells and interact directly with intracellular targets ([@B16]). Furthermore, proteolysis results in the production of cationic peptides, in particular lactoferricin and lactoferrampin, that have even greater antimicrobial activity than intact LF ([@B33]). Thus, LF activity toward fungi is likely to be complex and multifactorial: secreted fungal enzymes may digest LF to a greater or lesser extent, and whole LF along with lactoferricin, lactoferrampin and potentially other peptides may interact with variable receptors on the fungal cell membrane and disrupt a range of intracellular processes. Any of these processes may differ between *Saccharomyces* and *Cryptococcus* and account for their opposing responses to AMB-LF synergy.

The 'omics approach used here provides a whole-of-organism view of the response to the drug combination ([@B24]), and clustering transcripts by SOMs identified co-expressed genes that enable identification of stress-response pathways ([@B18]). However, the transcriptome is an indirect assessment of cellular changes, and validation studies are required to determine if the assignment of biological terms based on differential gene expression translates to actual cellular processes. With the pressing need to find new ways to treat fungal infections, understanding how synergy works will be valuable for both augmenting existing therapies and for developing novel, effective antifungal strategies.

Conclusion {#S5}
==========

We conclude that a phenotypically similar outcome to drug synergy is mediated by distinctly different pathways in *Saccharomyces* and *Cryptococcus*. The current study indicates that the combined assaults of AMB and LF produce overwhelming stress to the *C. neoformans* cell due to a disruption of protein and lipid biosynthesis that results in the up-regulation of ERAD, trafficking from the ER to the Golgi to the vacuole, with autophagy and apoptosis. The current study suggests LF or LF-derived peptides have potential to augment AMB and lower the required dose, thereby both improving efficacy and reducing toxicity.

Data Availability Statement {#S6}
===========================

The datasets generated for this study can be found in the NCBI Gene Expression Omnibus (GEO) accession number [GSE130375](GSE130375).

Author Contributions {#S7}
====================

DC, MW, and SC conceived the study, obtained grant funding, oversaw the work, and assisted with the data analysis. Y-WL undertook all laboratory work and analysis with supervision from DC, LC, and SC. CP undertook all bioinformatic analyses with supervision from MW. Y-WL, CP, and DC drafted the manuscript. MW, SC, and LC commented and edited the drafts. All authors read and approved the submitted version of the manuscript.

Conflict of Interest {#conf1}
====================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

**Funding.** This work was financially supported by the National Health and Medical Research Council of Australia, grant \# APP1021267.

Supplementary Material {#S9}
======================

The Supplementary Material for this article can be found online at: <https://www.frontiersin.org/articles/10.3389/fmicb.2019.02195/full#supplementary-material>

###### 

Click here for additional data file.

###### 

Click here for additional data file.

[^1]: Edited by: Teun Boekhout, Westerdijk Fungal Biodiversity Institute, Netherlands

[^2]: Reviewed by: Won Hee Jung, Chung-Ang University, South Korea; Marilene Henning Vainstein, Federal University of Rio Grande do Sul, Brazil

[^3]: ^†^These authors have contributed equally to this work

[^4]: This article was submitted to Fungi and Their Interactions, a section of the journal Frontiers in Microbiology
